This paper presents an experimental and numerical investigation of a ducted low-speed axial fan. The stator row is heterogeneous with 3 thickened vanes expected to have a non-negligible impact on the radiated noise. A good agreement for pressure ratio / mass flow rate characteristics is obtained between numerical and experimental results up to the onset of rotating stall. Hot-wire velocity profiles at the inlet assessed the effectiveness of a turbulence control screen added to prevent from inflow distortions. Induct acoustic measurements allowed a detailed description from wall-pressure spectra up to modal decompositions upstream and downstream of the fan. Acoustic modes were identified at the first two blade passing frequencies, which should be cut-off with a homogeneous stator row.
I. Introduction
Ultra High Bypass Ratio (UHBR) engines have the potential for significant reductions in fuel consumption, noise and emissions. However, this kind of architecture requires compact designs and a reduction of the nacelle size. In particular, shorter fan-OGV distances are expected in the near future. A solution is to hold the nacelle by the stator row. Structural elements will then be included in the stator vanes, leading to geometrical and aerodynamic heterogeneities. Those new features will strongly modify the noise generation mechanisms. First, the rotor-stator interaction will be stronger because of the shorter separation. Secondly, the heterogeneity may cause the propagation of modes other than Tyler & Sofrin modes. configuration. Moreover, the hub to tip ratio and Helmholtz number based on the outer radius allows a significant modal content as in actual turbofans. From a numerical point of view, it allows the comparison of several approaches including Lattice-Boltzmann methods (LBM).
In this paper, the stage configuration is studied using two complementary approaches. First, an experimental campaign is carried out at Ecole Centrale de Lyon, conducted in the LP3 facility. Aerodynamic measurements are reported to highlight the Turbulent Control Screen (TCS) effects on the inlet flow distortion. The modal content in the duct is deduced from wall-pressure measurements using an inverse method. 4 Secondly, part of the experimental facility is numerically simulated using steady Reynolds-Averaged Navier-Stokes (RANS) simulations. In the framework of this paper, the numerical approach is only used in order to provide a description of the flow topology.
The paper is organised as follows. The investigated configuration is presented in section II. A first aerodynamic investigation is carried out numerically and experimentally and presented in section III. Then, a chosen operating point is investigated acoustically by means of measurements and presented in section IV.
II. Experimental and numerical strategy

II.A. The LP3 facility at Ecole Centrale de Lyon
The experiments were conducted in the LP3 facility in the Centre Acoustique, Ecole Centrale de Lyon in France. The LP3 facility is an axial low-speed ducted fan, designed and manufactured by Technofan, a subsidiary company of Safran Electrical & Power. The duct is instrumented with both acoustic and aerodynamic sensors. A sketch of the LP3 facility is shown in Fig. 1 . The fan is configured with B = 17 rotor blades and V = 23 stator vanes, three of which are thicker for structural purposes, see Fig. 2 . The chords of the rotor blades and stator vanes are respectively equal to C B = 2.1 cm and C V = 3 cm. The distance between the rotor blades and the stator row varies from about 0.55C V at the hub to 0.8C V at the tip. The reduced rotor-stator distance emphasizes the blade response to the downstream perturbations (interaction with the potential field generated in the upstream vicinity of the stator vanes). Note that the gap between the blade tip and the casing is large enough to have a strong impact on the noise generation mechanisms too.
Considering a hypothetical homogeneous configuration where all stator vanes would be identical, the first and second blade passing frequencies should be cut-off by the duct. In fact, Tyler & Sofrin's criterion 5 would predict azimuthal mode orders which are high enough in order to be cut-off at the first two BPFs. However, they are both observed in the duct wall-pressure and far-field spectra. The question whether this is caused by an inflow distortion or by the heterogeneity of the stator motivated the recent installation of a turbulence control screen (TCS), visible in Fig. 3 (right) . The purpose of the TCS is to reduce free stream turbulence, to straighten the flow direction and to remove distortions at the fan inlet. The radius of the TCS is 0.5 m. It covers a portion of three quarters of a sphere centred on the duct inlet. It is made of tens of 2-cm thick plane facets of aluminum honeycomb, stuck together to approach a sphere. The rotational speed can be adjusted from 2000 rpm to 10000 rpm, the nominal rotational speed. The fan speed is controlled by a PWM controller. A Brüel & Kjaer type 2981 laser tachometer is however used to precisely monitor the rotational speed during the experiments (not shown in Fig. 1 ). The tachometer is placed outside the TCS, the lase beam going through one cell of the honeycomb, so that the inflow conditions are not altered. It produces a voltage pulse for each revolution of the rotor. Two meters downstream from the stator vanes, a Venturi tube is used to measure the mass flow rate. Downstream from the Venturi tube, air passes inside a 1.5 × 1.5 × 2 m 3 anechoic settling chamber. A gate valve is then reached downstream of the chamber. This valve can be gradually closed to fix the operating point of the fan. In the present experiment, two in-duct microphone antennas are used. The first antenna, located upstream of the fan is 20 cm long and made of 57 microphones. The downstream antenna is 80 cm long and made of 53 microphones. Both are equipped with 1/4" Brüel & Kjaer type 4957/8 microphones (see Table 1 ), flush-mounted behind pinholes. These antennas have been designed and exploited in a previous study, in the framework of the SEMAFOR project. 4, 6 Every single sensor has been calibrated in frequency (amplitude and phase) using a calibration tube and a reference sensor. 7 Moreover, a global calibration method developed by Leclère et al. 8 has also been applied with success. The calibration results are presented in the section IV.A. Pressure signals are recorded using 18 Brüel & Kjaer type 3050 Lan-XI modules. The signals are simultaneously sampled over the 106 microphones at a frequency of 65.6 kHz. In the experiment, the 106 microphones are used to identify the duct-mode amplitudes. The method is described in detail in section IV.C, following previous studies by some of the present authors.
4, 6
The LP3 facility is instrumented with 6 static pressure probes at different locations (see Fig. 1 ). The mean static pressure has been measured with Validyne DP15 transducers and Druck Unik5000 transducers. These measurements have allowed the determination of the pressure rise caused by the fan, and the determination of the mass flow rate at the Venturi tube. Hot-wire anemometry has also been performed at the inlet (see Fig. 1 ). A Streamline anemometer combined with a Dantec 55P01 hot-wire operating in constant voltage mode provides the streamwise velocity, together with the velocity fluctuations. Geometrical and operating parameters of the LP3 are summarized in Table 1 .
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II.B. Numerical simulation strategy
In order to accurately investigate the noise generation mechanisms, part of the LP3 facility is numerically simulated. The numerical domain extends from one radius upstream of the fan to three radii downstream. The numbers of blades B and vanes V of the LP3 configuration are prime numbers and do not allow a reduction of the simulated domain. For that reason the numbers of blades and vanes are artificially increased to B = 18 and V = 24. Thus, only a sixth of the domain is simulated. Since the thickness of three stator vanes is different and because those three vanes are not evenly angularly spaced, a full numerical simulation would be required to take into account the true heterogeneity. Again, in order to reduce the grid size, the stator row is assumed to be homogeneous in this simulation. Fig. 10 represents a view of the simplified configuration. The RANS simulation has been performed with ANSYS CFX V15.0 software using the standard k − ω SST 9 turbulent model and a second order spatial scheme. The boundary conditions involve a no-slip condition at the walls, a specified mass flow rate at the inlet and a constant pressure at the outlet. Lastly, a mixing plane is used at the interface between the rotor and the stator.
The mesh consists of 27 millions cells, the boundary layer is fully resolved as the grid resolution is y + = 2 at the wall. Fig. 5 depicts two grid slices in a meridional plane and in a blade-to-blade plane respectively. The nominal rotational speed is 10000 rpm and the operating point, chosen from the experimental campaign (red square in Fig. 6 ), is Q m = 0.78 kg.s -1 and ∆P = 2100 Pa. Moreover, several mass flow rates were simulated in order to obtain a numerical pressure ratio / mass flow rate performance curve at the nominal 
III. Aerodynamic investigation
III.A. Operating conditions
Measured pressure ratio / mass flow rate maps 10 are shown in Fig. 6 at 9000 rpm and 10000 rpm respectively. These maps have been obtained with the TCS. When the gate valve is completely open, a maximum mass flow rate of ∼ 1 kg.s −1 is obtained, at the minimum pressure rise of 1285 Pa. As the gate valve is gradually closed, the mass flow rate decreases and the pressure ratio increases until it reaches a maximum of 2330 Pa (see Fig. 6 ). Beyond this point, if the gate valve is gradually closed, the fan system exhibits rotating stall and the fan pressure ratio drops dramatically as shown in Fig. 6 . No evidence of surge could be observed during the experiments. Returning to normal operating conditions follows a different path, yielding a hysteresis cycle. An example of this hysteresis cycle is plotted at 9000 rpm in Fig. 6 (see gray circles).
Focusing on the numerical simulation, the pressure ratio / mass flow rate characteristic is well reproduced as shown in Fig. 6 . The increase in pressure ratio is well captured by the numerical simulation as the mass flow rate is decreased. Moreover, after reaching the maximum pressure ratio, a drop is observed as in experiments for mass flow rates below 0.6 kg.s -1 . The stall position is however under-predicted by the simulation. It is worth noting that phenomena such as the rotating stall are highly unsteady and therefore RANS simulations are not expected to predict them well. Yet the results suggest the presence of this phenomenon with an important pressure drop related to a massive flow separation on the rotor blades. The operating point where the hot-wire velocity profile was performed is indicated as a red circle in Fig. 6 .
In order to avoid noise source mechanisms induced by unwanted aerodynamic excitations as the rotating stall, acoustic measurements were performed at the nominal operating point far from the maximum pressure ratio. The objective is to isolate the heterogeneity effect on classical rotor-stator interaction noise mechanisms. The two operating points where acoustic measurements were performed (at 9000 rpm and 10000 rpm) are shown in Fig. 6 (right). Each of them was done with and without the Turbulence Control Screen introduced in section II.A. During the 5 min of acquisition, performances were recorded every 30 seconds, therefore allowing both mean value and scattering of the data to be measured. It can be clearly seen that the addition of the turbulence screen considerably reduces the performance scattering. This is attributed to the removal of an inlet flow distortion. In other words, the incoming flow is homogenized by the TCS. In consequence, rotational speed variations are also smaller. A more detailed discussion about rotational speed variations is given in section IV.C. is the numerical simulation at 10000 rpm. Grey circles • indicate the rotating stall cycle recorded at 9000 rpm. The red circle • indicates the operating point where a velocity profile has been measured at the inlet using hot-wire anemometry (see Fig. 8 and 9 ). Right : The two operating points where modal decompositions were performed : • at 9000 rpm and × at 10000 rpm with TCS. Respective results without TCS in 2.
III.B. Hot-wire inlet velocity profiles
It has been reported several times that the inflow conditions of a ducted fan differ from the flight conditions that a realistic engine would encounter. 11, 12 In particular, an isolated ducted fan is subjected to an inflow distortion. This inflow distortion may act as an acoustic source at the blade passing frequencies. The role of the TCS is first to attenuate free-stream turbulence, and also to suppress this inflow distortion in such a way that the fan is fed with an axi-symmetric flow. In previous experimental campaigns at the LP3 facility, an inflow distortion was evidenced by a smoke generation technique as shown in Fig 7. The streamlines of an inlet vortex can be clearly observed.
To validate the efficiency of the TCS, velocity profiles have been measured in the inlet of the LP3 facility. Velocity profiles in the x direction are given in Figs. 8 and 9, with and without TCS. Close to the wall (r/R = 0.98), both cases exhibit a mean velocity U 18% higher than the velocity at the center of the duct U 0 (see Fig. 8 ). This effect is due to the inlet geometry. At this measurement station, without the TCS, the boundary layer momentum thickness is θ = 1.8 mm, and the shape factor is H = δ * /θ = 1.18. Such a shape factor denotes a completely developed turbulent boundary layer. These values are not modified with the TCS.
Contrary to the mean velocity profiles, the fluctuating velocity profiles exhibit considerable differences with and without the TCS. In Fig. 9 (left), the TCS is observed to homogenize fluctuations at a level of 0.5% in the duct center. Without TCS, fluctuations had radial variations up to 1.5%. These results confirm the TCS effectiveness regarding the removal of the inflow distortion and disturbances. Regarding the boundary layer region plotted in Fig. 9 (right) a maximum of about 5% of velocity fluctuations is observed with TCS from random velocity defects, rather than from turbulence. It is therefore plausible that such high values of velocity fluctuations are caused by vortices randomly ingested by the fan. This inflow distortion is completely corrected when the TCS is used (see Fig. 10(b) ). Another advantage is that, with the TCS, the operating point of the fan is completely stabilized, see Fig. 6 (right). In particular, the first point where rotating stall is encountered is located higher in the pressure -mass flow rate characteristics. The TCS therefore allows the fan to be operated at higher pressure ratios, where the fan is supposed to exhibit a higher efficiency. 
III.C. Steady RANS results
In this section, aerodynamic results from the numerical simulation are investigated. The Mach number and the entropy fields are plotted in Fig. 11 at two spanwise locations. An important flow separation occurs at the vane tip (Fig. 4, bottom) . Because of the mixing plane, the flow coming from the rotor is azimuthally averaged and no unsteady wake interaction between the rotor blades and the stator vanes can be captured. 
IV. Acoustic investigation
This section is devoted to the acoustic investigation of the LP3 facility. All measurements are performed via in-duct flush-mounted microphone arrays placed upstream and downstream of the fan module, see Figs. 1 and 3. First, the microphone calibration procedure is detailed in section IV.A. Wall-pressure spectra are then shown in section IV.B. Next, modal decomposition of the acoustic pressure field is done from the microphone array data. This is done in order to assess the modal content of the noise generated by the LP3 fan. Results are presented in section IV.C. Finally, section IV.D presents an investigation on the influence of cut-off modes which must be taken into account in certain conditions.
IV.A. Microphone calibration
In the framework of this study, microphones are mounted behind a pinhole cap as shown in Fig. 13 . This mounting was chosen because the protection grid microphones is not removable. It can be seen that a small cavity between the microphone membrane and the pinhole is created and this will be at the origin of acoustic resonances at discrete frequencies. For this reason, a calibration process is essential in order to retrieve a correcting transfer function for each microphone. It will relate the actual pressure measured by the microphone to the pressure of interest at the duct wall. To perform the microphone calibration, two methods have been compared: an individual local method and a global non-local one.
The individual method must be performed for each microphone using a calibration device described in.
7, 8
A loudspeaker (driver unit) is used to generate a broadband signal (white noise) covering the frequency band of interest. The source is deported using a hose at the end of which the calibration device is located.
In the calibrator, a 1/4 inch microphone is used as a reference microphone. The calibrator is then placed against the surface on which the pinhole is mounted. Once the calibration device is in place and the noise generator active, signals from both the reference microphone and the pinhole-mounted microphone are recorded simultaneously. It has been checked that the coherence was very close to unity over a wide frequency band and up to the cut-off frequency of the calibration duct device. From these two signals, the transfer function between both microphones can be finally obtained. In other words, the frequency response Microphone LOW avity Seal Figure 13 . Microphone slot scheme.
of the pinhole is measured. This method of calibration nevertheless has some disadvantages. One of them is related to the repeatability of the calibration procedure, which is very sensitive to the calibrator position in front of the pinhole. Secondly, once the array is installed, some microphones are inaccessible such that the calibration device cannot be correctly placed.
For this reason, a second method, hereafter called global, has been used. This method consists in placing the artificial source (i.e. driver unit) at one termination of the duct and to record the signals from all microphones at once. An axial duct section is added between the source and the array to ensure that only cut-on modes are measured by all microphones. Finally, the application of the method developed by Leclère et al. 8 leads to the frequency response of the pinhole sensor. The advantage of this approach is that all microphones are calibrated at once and it can be done even in the presence of obstacles (see the fan module) in between the artificial source and the array. Although, it should be noted that the distance between the obstacle and the array has to be large enough in order to capture only cut-on modes.
Comparisons between the two methods for one microphone of the downstream array are given in Fig. 14. Resonances at around 1 and 3 kHz caused by the cavities can be observed. The individual method (in black) shows a divergence behaviour at ∼ 12 kHz. In fact at those frequencies the wavelength becomes of the same order of magnitude as the distance between the reference microphone placed in the calibrator and the pinhole. This is indeed the frequency limitation of this method. The global method (in red) is also able to recover the frequency response with an excellent agreement. Again, at high frequencies the method reaches a limitation due to the increased number of cut-on modes. In that case, regularization methods are used in order to improve the matrix inversion problem. In particular, the resolution of the system of equations is here under-determined, as the number of modes is higher than the number of available microphones. Globally, this method offers a better repeatability compared to the individual method. The global calibration method is therefore used in the present study.
IV.B. Wall-pressure spectra
In Fig. 15 , the averaged spectra of all microphones are presented for the upstream and downstream array. Acoustic pressure signals have been averaged over the 5 min of acquisition using a fixed time window of 1 s duration, an overlap of 60% with a Hanning window. In those spectra, broadband and tonal components can be seen. It is important to note that, at this stage, the hydrodynamic part of the wall-pressure has not been removed. Thus, the broadband component observed is mainly dominated by the boundary layer pressure fluctuations associated with turbulence. Even though, the acoustical part is also contained and related to the boundary layer associated noise, trailing edge noise and turbulence impingement noise. Levels are about 20 to 30 dB below the tonal noise and are higher by up to 15 dB at low frequencies for the downstream array. On the other hand, the tonal noise component is caused by interactions occurring at the blade passing frequencies. In Fig. 15 , only the first three BPF are plotted. This component is mainly caused by the rotor-wake impingement on the stator vanes as well as the rotor interaction with the potential field generated upstream of the stator. As previously mentioned, the first two BPFs should be cut-off considering the number of blades and vanes of the LP3. They are seen to be highly effective with levels higher or comparable to the third BPF depending on the array. The addition of the turbulence control screen is observed not to remove the BPFs but to sharpen them. It is an expected result accounting for the inlet distortion removal described in section III. In fact, the presence of an unsteady distortion moving in time at the fan inlet (see Fig. 7 ) will cause the broadening of the BPFs as observed for results without TCS. At this point, the heterogeneity of the stator remains the only track of explanation for the radiating noise at the first two blade passing frequencies. For a more detailed analysis around the blade passing frequencies, the wall-pressure fluctuations measured by a single microphone have been analyzed. Results have been compared with and without TCS. The microphone belongs to antenna # 1 (see Fig. 1 ), located about 30 mm upstream of the rotor. The broadband contribution is unchanged by the TCS, but the tonal components at the blade passing frequencies are different (see Fig. 16 ). With TCS, at the blade passing frequencies, the spectra exhibit a pure tone. Without the TCS, the peak is widened, which is typical of an unstable wandering inlet vortex. 11, 14 In addition, the level of the peak is diminished with the TCS. Depending on the microphone location, reductions of up to 10 dB can occur (see Fig. 16 ). 
IV.B.1. Accounting for rotational shaft speed variations
It is proposed in this section to account for possible rotational speed variations. For this purpose, the signal of the tachometer described in section II is measured simultaneously with the microphones. In order to give a few orders of magnitude, rotational speed variations for several operating points are summarized in Table 2 . The calculation of an equivalent frequency variation is also given. Globally, it can be seen that the coefficient of variation (cv) is always below one percent for all cases considered. Nevertheless, if the associated frequency variation is calculated, variations up to 14 Hz can be obtained without TCS, which constitutes an important variation.
It is observed that the addition of the TCS considerably reduces rotational speed variations. This confirms the previous result observed in the pressure rise ∆P vs Q m plot shown in Fig. 6 (right) . It may be deduced that a homogenized inflow reduces considerably the unsteadiness of the rotational speed. During a second, several complete revolutions of the rotor take place at the considered speeds. Now, if the rotational speed varies, this implies that a different number of revolutions may be contained on successive blocks of one second. To avoid this, the tachometer signal is used to locate when the rotor completes a full revolution. The signal is then interpolated on a grid and time signals are averaged for each revolution. Thus, if the number of averages is large enough, the deterministic part of the signal associated with the rotational speed is isolated. The following analyses are then expressed in engine orders. An engine order has a direct relation with the frequency as expressed in Eq. 1.
It is then possible to recalculate spectra after the averaging procedure. Results are presented in Fig. 17 . At all operating points, there is a significant reduction in the broadband level by more than 20 dB. A series of tones are revealed with the reduction of the broadband level. These tones were investigated and are harmonics of the rotational shaft frequency. The origin of those tones remains unexplained but could be linked to inhomogeneities in the rotor geometry or in the rotor-blade wakes. Further investigations with rotor-wake measurements should allow a better understanding of those tones. Nevertheless, the level of BPF remains almost unchanged indicating a weak effect of the speed variations on tonal noise. Finally, a further analysis is given on the broadband noise component by investigating the cross-spectrum (in blue) of two close microphones of the downstream array plotted in Fig. 18 . Both microphones have the same axial position and are angularly separated by 25 degrees (∼ 40 mm). The auto-spectrum (in black) and the rotor-locked averaged spectrum (in red) of the first microphone are also added. One can see that levels of the cross-spectrum can be 10 dB below the auto-spectrum. In fact, as mentioned before, since the turbulence correlation length is smaller than the distance between the two microphones, off-diagonal terms of the crossspectral matrix are partly depolluted from turbulent fluctuations. At low frequencies, where the correlation length becomes comparable to the microphone separation distance, levels of both auto-and cross-spectrum merge. Finally, the rotor-locked spectrum presents even lower levels because all the non-deterministic part of the pressure signal is greatly removed by the averaging procedure. 
IV.C. Modal decomposition
In this section, modal decompositions are performed using the measured pressure fluctuations acquired by each array. The objective of this modal decomposition is to assess the modal content of the fan module and to investigate which modes are predominant. [15] [16] [17] [18] [19] [20] [21] [22] It is expected that modes related to the stator heterogeneity at the first two BPFs (cut-off in a homogeneous configuration) will be highlighted. Considering a hard-walled duct of circular cross-section, the acoustic pressure at any point inside the duct can be expressed as a sum of modes as follows 23, 24 p(x, r, θ, t) =
where the pressure p is measured (known), A ± mn are the modal amplitudes (unknowns) and f mn the radial shape functions. A detailed description of the modal basis parameters is given in Appendix A. At positions relatively far from sources or duct discontinuities, this infinite sum may be well-approximated by taking only those terms related to cut-on modes. Considering that the array is made of M microphones and assuming that there are N cut-on modes, Eq.(2) may be conveniently expressed in a matrix form as:
This formulation is better suited for numerical resolutions in which a matrix inversion must be performed. The solution is then given byĉ
where the notation 2 † stands for the pseudo-inverse of Φ. In the framework of our study, an equivalent formulation is used. It introduces the notion of the Cross-Spectral Matrix (CSM) defined as follows
where 2 H is the Hermitian operator and the notation E {2} stands for the expected-value operator. In practice, an estimate of S pp is obtained by averaging the outer product p(ω)p(ω)
H over a finite number of snapshots (time blocks). Eqs. (3) and (4) along with the definition in Eq. (5) yield:
where the matrixŜ cc is a cross-spectral matrix of modal amplitudes. Diagonals contain auto-spectra of individual modes and off-diagonals terms are cross-spectra between all pairs of modes. In some cases, such as near cut-off frequencies, as well as frequencies at which the number of cut-on modes is large when compared to the number of microphones, the matrix Φ may be ill-conditioned. In this case more involved techniques must be used to compute its inverse. 
IV.C.1. Broadband noise
A difficulty in the analysis of fan broadband noise using wall flush-mounted probes is the fact that pressure fluctuations are largely dominated by wall-bounded turbulence. As it will be seen in the next section, for the tonal noise component, this problem is minor since the fan-related noise largely emerges from the hydrodynamic component, by at least 20 dB. In contrast, for the broadband component, the signal of interest might be about 10 dB lower. Thus, to perform a modal decomposition of the broadband noise component, an additional treatment is needed to extract the fan-associated noise. At low Mach numbers, the turbulence length scales are much smaller than the separation distance between two neighboring microphones, contrary to the much higher correlation length of acoustic waves. This implies that the hydrodynamic contribution is mainly contained in the diagonal of the cross-spectral matrix, whereas off-diagonal terms contain information about the sound waves.
To remove this hydrodynamic contribution, different methods are proposed in the literature. 7, 25-27 A common practice consists in removing the cross-spectral matrix diagonal, by setting diagonal entries to zero. Nevertheless, this approach removes the properties of a CSM matrix and can lead to non-physical negative modal amplitudes. To avoid this issue, another method is adopted in this study allowing to decompose the CSM into acoustic and hydrodynamic parts, as shown by Finez et al. 6 In a few words, the idea of the method is to exploit the different structures of the CSM associated with acoustic and hydrodynamic parts to help their separation. The method returns an estimate of the CSM with reconstructed auto-and cross-spectra and thus preserves the property of positive semi-definiteness of a cross-spectral matrix.
Results are plotted in Fig. 19 for the upstream array and in Fig. 20 for the downstream array. They show the modal amplitudes at cut-on azimuthal orders as a function of frequency. As predicted by the duct acoustics theory, the number of cut-on modes increases with frequency. To highlight the level of the broadband contribution, the colormap was saturated at 20 dB. With this, the tonal component of noise appearing at the BPF will often be saturated. In addition, a sum over the radial modes is made to simplify the interpretation.
A slight predominance of co-rotating modes (m > 0) can be observed. However, for low-speed fans like the LP3, a strong imbalance between co-and counter-rotating modes is not expected to be as dominant as it would be for a turbofan. 28, 29 Secondly, it can be seen that the energy is fairly concentrated near the cut-off region (see Ganz et al. 29 ) with deviations up to 10 dB from the central zone.
The addition of the TCS tends to remove the spectral broadening observed around BPFs. The tonal component is more concentrated at a precise frequency as observed before, confirming the effectiveness of the TCS. Conclusions are similar for both arrays. Nevertheless, the upstream array (plotted in Fig. 19 ) presents higher levels by around 5 dB in the region between the first and second BPF. The short distance between the fan and the antenna may be at the origin of this increase. In addition, an internal v-shape modal structure related to the radial order n = 1 is seen. This is due to the summation over radial orders used in the analysis.
IV.C.2. Tonal noise
In this section, the interest is focused on the tonal noise at the blade passing frequencies. Again, results are presented in terms of azimuthal orders and summed over radial orders. Both the upstream and downstream modal contents of the fan will be compared.
In this frequency analysis, rotational speed variations are not taken into account. Time-averaged modal decompositions are performed. Results for the first, second and third BPFs are presented in Figs. 21 (a-c) . As a reminder, within the framework of a perfectly homogeneous fan-OGV geometry, the first two BPFs should be cut-off. That is to say, the rotor/stator interaction modes generated would be of an azimuthal order high enough to be cut-off.
For the first BPF in Fig. 21(a) , the mode of order m = −3 emerges by about 8 dB from the other modes for both arrays. However, the amplitude on the downstream antenna is nearly 3 dB higher than on the upstream antenna. In fact, this can be verified in section IV.B where spectra have been presented (see Fig.  15 ). In those spectra, the first BPF tone is higher for the downstream array.
The second BPF results are presented in Fig. 21(b) . Modes of order m = 5 and m = 7 for the upstream antenna emerge by 3 and 4 dB. For the downstream array, the mode m = 7 is dominant by 3 dB. Contrary to the first BPF, levels are more important for the upstream antenna as observed in spectra presented in section IV.B.
Finally, at the third BPF presented in Fig. 21(c) , modes of order m = 5 and m = 11 prevail by 3 to 7 dB respectively. Again, amplitudes are stronger for the upstream array as previously observed in Fig. 15 . The mode m = 5 is in fact well predicted by the classical Tyler & Sofrin's criterion as evidenced in Eq. 7. For the third BPF (s = 3), the lower mode that can be generated corresponds to p = 2 leading to the final order m = 5.
To conclude, some modes were identified to predominate at the first three blade passing frequencies. By considering that the inflow distortion is removed with the addition of the turbulence control screen, those modes are expected to be generated by heterogeneous rotor-stator interaction.
IV.C.3. Accounting for rotational shaft speed variations
To ensure that the modes observed in the previous analysis are related to deterministic interactions related to the rotational speed, we now take into account speed variations. Modal decompositions are then carried out on the basis of the signals resulting from synchronous averaging. Results are shown in Fig. 22 for the first three blade passing frequencies. On those plots, a direct comparison is done with previous results (shown in Fig. 21 ) for the downstream array.
The results are very close from those obtained with the time-average processing which did not take into account speed variations. A slight attenuation is observed when compared with the previous amplitudes. It indicates that a small part of the energy could have been associated with broadband phenomena or due to speed variations. However, the difference is minimal and modes identified previously are indeed generated by deterministic phenomena associated with the rotational speed. The inflow distortion was shown to be greatly removed by the TCS and tones at multiples of the shaft speed are considerably lower in level than those multiples of the blade passing frequencies. Hence, the identified modes can be expected to be 
IV.D. Accounting for cut-off modes
In this last section, the influence of cut-off modes is investigated. The close distance of the antenna upstream from the LP3 motivates this study. Indeed, when modal decomposition has been applied for a smaller rotational speed (9000 rpm), the fit between measured and reconstructed data was very low. This indicates that modal amplitudes recovered through modal decomposition hardly explains the measured pressure. One possible reason is the presence of cut-off modes not considered in the model.
It is important to note that a different rotational speed leads to a different number of cut-on modes. As an example, the highest cut-on azimuthal orders are m ∈ [−3, 3] for 10000 rpm and m ∈ [−2.2] for 9000 rpm. It is then important to investigate if the mode m = 3 now cut-off at 9000 rpm has a rate of decay sufficiently strong to not contaminate microphones of the upstream antenna.
For this, one can study the axial evolution of modes defined by their axial wave-number defined as follows :
where k 0 is the acoustic wave-number related to the considered rotational frequency, β is the compressibility From the previous wave-number, the axial evolution of several modes can be calculated by the following function:
It is easily seen that when the wave-number becomes complex, the exponent of the exponential will have a real part corresponding to the damping of the mode. A study has then been carried out for the two rotational speeds. The parameters of the study are summarized in Tab. 3.
Radial order n = 0
Azimuthal order m ∈ [1, 5] Rotational speed [rpm] Ω = 9000 et 10000 Table 3 . Cut-off modes study parameters
The axial evolution of the modes is plotted in Fig. 23 for the two rotational speeds. In the 10000 rpm case of, modes m = [1, 2, 3] are seen to be cut-on and the first cut-off mode m = 4 decays rapidly not interfering on both arrays. However, for a 9000 rpm rotational speed, the decay of the first cut-off mode m = 3 is relatively small, which cannot be measured by the microphones of the upstream antenna. This weak rate of decrease is explained by the fact that the frequency of interest (1BPF at 9000rpm) is very close to the cut-off frequency. This study shows the need to account for some cut-off modes to ensure a relevant modal decomposition at 9000 rpm for the upstream array. Indeed, some modes have been added to the modal basis and their decay rate calculated from Eq. 8. The result for the first BPF is shown in Fig. 24 . On this calculation two cut-off modes were taken into account in the modal basis: the modes m = −3 and m = 3. After calculation, it is observed that the mode m = −3 has a greater amplitude than the cut-on modes. This is consistent with the results for the 10000 rpm rotational speed (shown in Fig. 24(a) ) where the mode m = −3 is seen to be dominant at the first BPF.
(a) Ω = 10000 rpm (b) Ω = 9000 rpm Figure 24 . Modal decomposition at the first BPF for Ω = 9000 rpm and 10000 rpm. Cut-off modes in red and cut-on in blue
Nevertheless, it should be noted that the calculation of the amplitude of the cut-off mode is very dependent on the choice of the source generation plane. For this study, the chosen position was the rotor leading edge but no evidence exists that the mode was actually generated at this position. A possible way of improvement of the method would consist in performing an optimization of the source position to maximize the fit between the reconstructed pressure and the measured pressure. This should allow one to obtain an equivalent source plane that maximizes the quality of the modal decomposition.
Finally, if rotor-stator interaction modes are considered to be independent of the rotational shaft speed, the mode m = −3 generated at 9000 rpm and 10000 rpm could be attributed to the stator row heterogeneity.
V. Concluding remarks
An experimental and numerical investigation of a low-speed ducted axial fan was carried out. The numerical and experimental results are in good agreement regarding the pressure ratio / mass flow rate characteristics. A drop of the pressure ratio attributed to the rotating stall is observed after reaching the minimum mass flow rate. The numerical simulation allowed a qualitative evaluation and the assessment of this rotating stall phenomenon. An increasing flow detachment appears for higher pressure rises on the rotor blades when approaching the stall conditions.
The investigation of hot-wire measurements in the inlet assessed the turbulence control screen effectiveness regarding the flow homogenization.
In terms of acoustics, the first two blade passing frequencies (which should be cut-off by the duct for an equivalent homogeneous stator row) were observed to be highly contributing to the acoustic spectrum upstream and downstream of the fan. The removal of the inlet flow distortion by means of the turbulence control screen removed the BPF scattering but did not cancel them.
Modal decompositions for the whole spectra were also performed. The broadband modal content is in agreement with previous results with the energy being fairly concentrated near the cut-off boundary. Regarding the tonal noise, modal decompositions based on time and rotor-locked averaged signals have been compared. The same modal content has been identified with both approaches. The rotational shaft speed variations were then shown to have a negligible impact. The stator heterogeneity is expected to be at the origin of the modal content measured at the first two BPFs.
Finally, the study of a different rotational speed has shown the necessity of taking into account some cut-off modes in the modal basis if the microphone array is placed close to the fan module. At the first blade passing frequency, results have shown the presence of a common dominant mode, cut-off at 9000 rpm but cut-on at 10000 rpm. It is known that the azimuthal orders of modes generated by the rotor-stator interaction are independent of the operating point. Thus, common modes identified at different rotational speeds are expected to be caused by the stator heterogeneity.
Future numerical simulations on a full angular domain comparing both homogeneous and heterogeneous stator configurations will be performed. Finally, a new OGV grid with 23 identical stator vanes is currently under design, and should be subsequently tested to confirm the heterogeneous impact of the OGV grid on the noise radiation investigated in this paper.
A. Appendix: duct modal basis parameters
Parameters of the duct modal basis are given in this appendix. Radial shape functions for a cylindrical duct are defined as f mn (r) = J m (K mn r) (10) where K mn are the duct eigenvalues. The radial shape normalization factors are given by 
The wave-number γ ± mn is defined as
with β = 1 − M 2 0 , k 0 = ω/U 0 and the axial wave-number given by
